1. Chloride currents through the membrane of rat psoas muscle fibre segments were investigated with a double Vaseline gap under conditions minimizing the currents of other ion species.
The Cl-conductance of resting adult skeletal muscle fibres, gcl, is rather large, i.e. 70-80% of the total membrane conductance (Bretag, 1987) . The large gec seems to stabilize the resting potential because chemical blockade of the Cl-channels or replacement of Cl-by impermeant anions may cause trains of action potentials to appear in response to a single stimulus. The large gci has also been suggested to be of importance in the regulation of pH and volume in working muscle fibres (Bretag, 1987) . A smaller than normal gci is the reason for the clinical symptoms in the human muscle disease myotonia congenita which exists in two variants, the Becker type being transmitted as a recessive trait, and the Thomsen type as a dominant trait (Riidel & Lehmann-Horn, 1985) .
A reduced gel is also the reason for the myotonia in animal models, i.e. the myotonic mouse and the myotonic goat. Recently, a Cl-channel, clc-1, preferentially expressed in skeletal muscle, was cloned as the second member of a family of Cl-channels (Steinmeyer, Ortland & Jentsch, 1991 b) originating from expression cloning of the Torpedo marmorata Cl-channel (Jentsch, Steinmeyer & Schwarz, 1990) . The involvement of clc-1 in mouse myotonia and in human recessive (Koch et al. 1992) and dominant myotonia (George, Crackover, Abdalla, Hudson & Ebers, 1993) suggests that its gene product is the major muscle Cl-channel or the most important subunit of it. The aim of this study was the analysis of the Cl-currents through the mammalian skeletal muscle fibre membrane. Macroscopic Cl-currents were used for the deduction of the properties of the major muscle Cl-channel in its natural environment since other methods like patch clamping (Chua & Betz, 1991) and channel reconstitution (M. Bastide-Rivet, Ch. Fahlke & R. Riidel, unpublished observations) have not led to a satisfactory electrophysiological characterization of this channel. The Vaseline-gap technique (Hille & Campbell, 1976 ) was chosen as it permits internal perfusion of the fibres and 3503 36Ch. Fahlke and R. RBidel thus allows one to record Cl-currents without substantial contamination with cation currents.
The process of internal perfusion could influence properties of ion channels (Hille & Campbell, 1976; Byerly & Hagiwara, 1982) . To test for up-or downregulation of Clchannels and to determine the amount of non-Cl-currents in our experimental conditions we started by determining the specific Cl-conductance at -85 mV, in particular its 9-anthracene carbon sensitivity (Bryant & MoralesAguilera, 1971 ; Palade & Barchi, 1977) , and its anion selectivity (Palade & Barchi, 1977) . Because we did not find substantial differences compared with results obtained with intact fibres (Bretag, 1987) we concluded that contamination of cation currents is negligible and Clcurrents are functionally the same as in the intact fibre. In the second part of the paper, we used our method for a kinetic description of Cl-currents in mammalian fibres.
METHODS
Fibre preparation Single fibres from the psoas major muscle of adult rats (either sex, body wt between 200 and 450 g, age between 3 and 8 months) were used. The animals were anaesthetized in a carbon dioxide chamber and killed by neck dislocation or decapitation. Both psoas muscles were removed and stored in storage solution (see below) at room temperature (20-22°C) . A muscle was transferred to a chamber filled with dissecting solution and a small bundle of fibres was dissected. In about 10% of attempts, a gentle tearing apart of the fibres with two pairs of fine forceps resulted in the separation of an intact, 0-5-1-0 cm segment of a single fibre.
Fibres having a small diameter (30-40 ,um) were selected to reduce clamp non-uniformities introduced by the T-tubular system, TTS. The segment was transferred to the recording chamber which was filled with mounting solution. The chamber consisted of three compartments separated by Vaseline strands (Glisseal; Bohrer Chemie, Zuchwil, Switzerland) . When the segment was correctly positioned, two Vaseline seals were made, leaving a 230 + 40 ,um gap (n = 8), the width of the seals ranging between 250 and 450 #sm (mean value 340 /sm). Both fibre ends were then cut with fine scissors, and the centre pool was topped by a coverslip that also covered one-half of each outer compartment. The centre pool was filled with external solution, and the outer compartments with internal solution. The fibre was allowed to equilibrate for 20-30 min before experimentation. Electrical recording A commercial amplifier (CA-1; Dagan Corp., Minneapolis, MN, USA) was used for voltage clamping and current recording according to the double seal Vaseline-gap voltage-clamp technique (Francini & Stefani, 1989) . Before the voltage-clamp mode was switched on, the potential difference between internal and external space of the resting fibre was determined. The mean value was -32-0 + 4*5 mV (n = 7). Only fibres with resting potentials of more than -27 mV were used for experiments. In the voltage-clamp mode, the fibre interior was held at either 0 or -85 mV while the potential in the centre pool was clamped to various values. Membrane potential values are At the beginning, the membrane potential was held at 0 mV for 10 min. Stepping from 0 to 20 mV did not produce any timedependent changes of the Cl-current amplitude, thus these steps were used to determine the passive properties of the muscle fibre, such as capacitance, series resistance and the charging time constant. The time course of such a response could be described by the sum of two exponentials with time constants of 0-038 + 0 016 and 2-12 + 0-69 ms (n = 10) reflecting the different series resistances in the sarcolemma and the TTS. The mean capacitance of the fibre segments, calculated by integration of the capacitive transients, was 9-2 + 3-2 nF (n = 10). Current density was calculated by dividing the current amplitudes by the capacitance of the fibre segment. Following these measurements, the membrane potential was clamped to -85 mV, the expected reversal potential for Clcurrents. For the experiments proper the holding potential was either -85 or 0 mV. Holding potential and the pulse program used are given for each experiment described in Results. The time between two prepulse-test pulse cycles was 30 s. All experiments were performed at room temperature (20-22°C). The fibres remained stable for 30-150 min. Data analysis Recordings were collected on-line by a laboratory microcomputer with a 12-bit A/D-D/A converter (either one made in our laboratory or Axolab-1, Axon Instruments, USA). Data were filtered through a Bessel filter with a cut-off frequency (-3 dB) at 0 3 times the sampling frequency, and stored on disk for later analysis. The records were analysed with pCLAMP (Axon Instruments) and software written in our laboratory. For determination of the time constants of activation and inactivation, sums of exponentials were fitted to the time course of the currents using Marquardt's algorithm (Marquardt, 1963) . The current amplitudes at 10 ms after a voltage step were taken in order to plot the 'instantaneous' current-voltage relationships, to avoid interference with capacitive currents. Fits of the Boltzmann equations to the activation curves were performed using a nonlinear curve-fitting routine of SigmaPlot (Jandel Scientific, Corte Madera, CA, USA). Statistical significance was tested using Student's unpaired t test for equal or unequal variance. The level of significance was < 0 05 unless otherwise stated. Means are given + S.D., n denoting the number of fibres used for the respective evaluation. Solutions The compositions of the various solutions were as follows. Storage solution (mM): 145 NaCl, 5 KCl, 2-5 CaCl2, 1 MgSO4, 10 glucose, 10 Na-Hepes (pH 7 4). Dissecting solution (mM): 95 K2SO4, 10 MgCl2, 0 4 CaCl2, 10 Na-Hepes (pH 7 4). Mounting solution (mM): 150 potassium glutamate, 2 MgCl2, 1 K2-EGTA, 10 K-Hepes, (pH 7 4). The dissecting and mounting solutions were the same as given by Delbono, Garcia, Appel & Stefani (1991 (Lehmann-Horn, Hoepfel, Riidel, Ricker & Kiither, 1985) . The buffer systems were chosen so as to contain the main cation and the main anion of the respective solution. A stock solution of 01 M 9-anthracene carboxylic acid (9-AC; Fluka, Neu-Ulm, Germany) in dimethyl sulphoxide (DMSO) was prepared and diluted 1: 1000 in external solution.
RESULTS

Identification of Cl-currents
Voltage dependence of the registered currents Figure 1 illustrates typical results from a voltage-clamped fibre segment under our experimental conditions. Currents elicited by voltage steps going from a holding potential of 357 -85 mV into the range between -115 and +5 mV showed deactivation at hyperpolarization and activation at depolarization (Fig. 1 A) . The voltage dependence of the instantaneous current amplitude (filled circles) showed slight inward rectification; for the currents flowing at the end of the 940 ms-long test pulses the curve was S-shaped ( Fig. 1 C, open circles) . Depolarizing prepulses to 0 mV, applied for 1 s before the same test pulse program, led to a substantial alteration of the currents (Fig. 1B) . Deactivation was then visible at test potentials between -115 and -55 mV, and the voltage dependence of the instantaneous current amplitude (filled circles) showed inward rectification. The voltage dependence of the late current (open circles) was the same as without depolarizing prepulses (Fig. 1D) . The current reversal potential was -85 mV.
Effect of substitution of Cl-with CH3S03-To test for possible contamination with contributions through channels not specific for Cl-, we replaced Cl-with CH3SO3 in the internal and external solutions. The Fig. 3A and B. For the sake of averaging (n = 6), the currents were converted to current densities. The slope of the mean instantaneous current-voltage relationship at -85 mV was 362 S F1 when the fibres were held at -85 mV between test cycles, and 1303 S Fl for a holding potential of 0 mV. The apparent reversal potential for fibres held at -85 mV was -65 mV. The reversal potential of the specific currents determined using the tail-current method was -83 + 3 mV, which is close to the expected value. To compare the specific conductance value, gcl, under our experimental conditions with data from the literature, we calculated the slope conductance of the steady-state current density-voltage relationship for fibres held at -85 mV after having corrected each curve for the leakage current, using the individually measured seal resistances of the fibre segment. This value was 251 + 52 S F-(n = 6). Using a specific membrane capacitance of C-2 104 1uF cm-, measured on rat fast twitch muscle fibres with a similar Vaseline-gap method (Delbono et al. 1991) , we obtained a specific membrane conductance of 2-61 + 054 mS cm-2 (n = 6). The instantaneous current density-voltage relationship showed inward rectification for both internal Clconcentrations (Figs 1 and 2 ). Ion permeation through muscle Cl-channels can therefore not be described in terms of the Goldman-Hodgkin-Katz equation (Hille, 1992) . The steady-state current density vs. membrane potential curve was S-shaped for both holding potentials, indicating a voltage-dependent increase in the number of open channels at potentials positive to -85 mV. Effects of 9-anthracene carboxylic acid The mammalian muscle Cl-conductance can be blocked by external application of various monocarboxylic aromatic acids (Bryant & Morales-Aguilera, 1971; Palade & Barchi, 1977) . We used the most potent of these blockers, 9-anthracene carboxylic acid (9-AC) for a decisive test of the Cl-specificity of the channels conducting the anion currents described above (n=7). The holding potential was -50 mV. Five minutes after the application of 0.1 mm 9-AC, the currents became smaller in amplitude, and 10 min later, they were blocked (Fig. 4B vs. 4A) except for a small time-independent component with linear voltage dependence (instantaneous current, Fig. 4C ; steady-state current, Fig. 4D ). The slope was 0 9 + 0 3 ,uS (n = 5) and thus, the membrane conductance in the presence of 9-AC was not different from the value in Cl--free solution. In all experiments with conditions reducing the Clcurrents (Figs 1, 4 and 5) the capacitative transient accompanying the voltage steps was slowed. This could be due to T-tubular swelling causing an increased series resistance between current-sensing electrodes and currentpassing membrane, in agreement with a large Cl permeability of the T-tubular membrane claimed by Dulhunty (1982 the prepulse potential gives the activation curve (Fig. 8B) . A comparison of curves obtained with prepulses lasting 1 (0) and 5 s (0) shows a steeper slope for the latter curve, indicating that at least 5 s are necessary to reach steady state. A further increase of the prepulse duration did not change the slope, but caused a decrease of the curve at the most positive voltages. The point of half-maximum activation was only slightly shifted when the prepulse duration was increased. For prepulses of 5 s duration, the activation curve could be fitted with a single Boltzmann equation having an inflexion point at -39 0 + 4.4 mV and a slope of (17-2 + 4.4 mV)-1 (n = 6). Under the simplifying assumption of the voltage sensor moving a distance equal to the membrane thickness (Hille, 1992) and using ze//kT = slope, we calculated the number, z, of moved elementary charges, eo, to be 1P5 + 0-4 (k, the Boltzman constant; T, absolute temperature). Because of the finite membrane charging time, we would have underestimated the instantaneous current in the case of very fast gating processes taking place at the beginning of a test pulse. Such an error should result in a change in the parameters of the activation curve when the latter is determined using different test potentials. An experiment testing this possibility is illustrated in Fig. 8C . With a holding potential of 0 mV and a test potential of -65 mV, the voltage dependence of the amplitude of the instantaneous current during the test pulse was almost a mirror image of the curve in Fig. 8B , with the point of inflexion at the same potential (Fig. 8D) Figure 9 illustrates such an experiment performed with a holding potential of -85 mV. All recordings were made from the same fibre. The prepulses lasted 1 s and the variable prepotential was -85 mV in Fig. 9A , -55 mV in Fig. 9B , -30 mV in Fig. 9C , and -5 mV in Fig. 9D . With each of these values a prepulse-test pulse cycle was run
with the variable 940 ms test pulses going from -125 to -15 mV in 10 mV steps. For all prepulse potentials, the test pulse to -125 mV elicited a current with deactivation. A superposition of these responses shows that the peak current amplitude is the greater the more positive the prepulse potential is (not illustrated). The time constants of the current decline were independent of the prepulse potential. A plot of the instantaneous current against the test potential showed a positive correlation for all prepulse potentials (Fig. 9E) . The reversal potential was -85 mV, independent of the 1 s prepotential value. Prolongation of the prepulses to 5 s did not change the reversal potential (not illustrated), indicating that during the prepulse, Cl-was not substantially shifted across the membrane. A similar plot showed that the current amplitude at the end of the test pulses was not at all affected by the value of the prepulse potential (Fig. 9F) . Experiments corresponding to those (Fig. 10A) , the time course of which could be described with single exponentials having time constants in the range of seconds. When at the end of a 30 s pulse the potential was stepped to a fixed test value (-25 mV), the amplitude of the current depended on the prepulse potential. For the instantaneous current, this dependence was bell shaped with a maximum at -15 mV (Fig. lOB) .
The decline of the current could be caused by two different mechanisms, an inactivation process due to conformational changes of the channel protein, as found with many cation channels (Hille, 1992) , or a change of the Cl-concentration inside the fibre or in the ITS (Barry & Dulhunty, 1984) . The change of the current reversal potential during a prolonged depolarization to 0 mV (Fig. 2) showed that [Cl-]1 is not controlled by the Clconcentration in the two outer compartments of the experimental chamber, and that obviously an accumulation of Cl-occurs in the fibre. In mammalian skeletal muscle, the Cl-channels are uniformly distributed between the sarcolemma and the 'TS (Palade & Barchi, 1977; Dulhunty, 1982) . Because of the much larger membrane area of the TM, the majority of the Clchannels are expected to be located in the TTS. As the diffusion of ions in the T-tubular space is restricted ---MP (Almers, 1972; Almers, Fink & Palade, 1981) , tubular depletion of Cl-might contribute to our finding of a current decline. Evidence for the existence of an inactivation process of the CF_ channel itself was obtained by using a fibre held at 0 mV, applying a pulse protocol with increasing prepulse durations (from 50 to 8000 ms), a fixed prepotential (+ 50 mV), and a fixed test potential (-75 mV) (Fig. llA) .
With increasing prepulse duration, the current amplitude during the test pulse decreased exponentially (Fig. 1 1B) . The plot of the amplitudes of the instantaneous current vs. the prepotential duration (Fig. 1 1B, @) shows that the inactivation process is incomplete. The current amplitude obtained for very long prepulses is still about 70% of the instantaneous amplitude. A plot of the current amplitudes at the end of the prepulses against the varying prepulse duration yielded almost the same time course (Fig. 1 1B, 0) . Because of the relationship between [Cl-]) and gcl (Fig. 3) , the similar time dependence of the currents flowing at the two different potentials (+50 and -75 mV) can only be explained by a decreasing number of conducting channels.
To get an estimate for the time constant of this inactivation process we fitted single exponentials to plots as shown in Fig. 1lB 
DISCUSSION
Cl-currents registered from mammalian muscle fibres using the double Vaseline-gap method were shown to have identical properties to those in previous studies performed with microelectrodes (Bretag, 1987) . The halide selectivity (Cl-> Br-> F) of the conducting channels, the sensitivity to 9-anthracene carboxylic acid and the measured conductance value prove that our records were not substantially contaminated with non-specific currents. There were no indications that the intracellular perfusion might have caused downregulation of the Cl-channels, or an upregulation of channels that are inactive in the intact fibre. We therefore concluded that the double Vaselinegap method is valid for the description of the kinetic properties of mammalian muscle Cl-channels.
Possible current contributions through other ion channels in the sarcolemma
With 9-AC-containing or CFl-free solution, we recorded time-independent currents with linear voltage dependence. We cannot exclude the possibility that these A were in part conducted by non-selective cation channels in the muscle fibre membrane. In frog skeletal muscle, a non-selective cation channel was described which gave rise to a conductance of 6-6 uS cm-2 under physiological conditions and was characterized by a selectivity sequence of NH4, > Cs' > Rb+ > Li+ > TEA+ > Na+ (Godinez, Estrada & Sanchez, 1988) . The current through this channel was voltage independent. Garcia, McKinley, Appel & Stefani (1992) , studying passive properties of human muscle fibres with a double Vaseline-gap voltage clamp under conditions blocking K+ and Cl-currents, reported the total membrane resistance to be 3-5 times smaller than in intact human muscle fibres (Kwiecin'ski, Lehmann-Horn & Riidel, 1985) . In a patch-clamp study on enzymatically dissociated m. interosseus fibres of the mouse, Chua & Betz (1991) Three different types were described in myotubes (Blatz & Magleby, 1983 , 1986 Fahlke, Zachar & Riidel, 1992) . At least two types of channels also exist in adult fibres, an outwardly rectifying channel having an 'intermediate' conductance in the order of 15 pS in the negative voltage range (Burton, Dorstelmann & Hutter, 1988) , and a channel with a linear current-voltage relationship having a large conductance (K6ltgen, Quasthoff, Franke & Hatt, 1990) . In either case, they were detected in membrane blebs of adult human muscle fibres. The very small probability of finding active channels in patch-clamped intact fibres makes a major contribution of these channels to the macroscopic Cl-current unlikely.
Considering all the tested macroscopic parameters, such as ion selectivity, pharmacology and the fact that a single Boltzmann curve represented the activation curve (which did not change when the test potential was varied), it seems likely that one population of Cl-channels dominates in mammalian skeletal muscle. One might argue that the incomplete deactivation is due to the existence of another type of Cl-channel with different gating properties, but this seems unlikely in view of our results with the selectivity test and the 9-AC sensitivity. However, we cannot rule out the possibility that there are several channels with similar macroscopic kinetic properties. Such a possibility can only be tested with single-channel measurements. For K+ channels, such variability is a common finding (Hoshi & Aldrich, 1988) .
Voltage-dependent gating
Muscle Cl-channels are activated when the membrane is depolarized from the normal resting potential, and activation is followed by a slower inactivation process. Comparison with other CI-channels A comparison of the kinetics and permeability properties of certain single Cl-channels found either in cultured muscle cells (Blatz & Magleby, 1983 , 1986 Chua & Betz, 1991; Fahlke et al. 1992; Zachar, Fahlke & Riidel, 1992) or in adult fibres (Woll, Leibowitz, Neumcke & Hille, 1987; Burton et al. 1988; K6ltgen et al. 1990) shows that none of these channels can be the major Cl-channel in adult mammalian fibres. Burton et al. (1988) found an outwardly rectifying Clchannel in membrane blebs of mammalian fibres with a maximum open probability in the negative voltage range displaying inactivation upon depolarization. A 'fast' Cl-channel in rat myotubes (Blatz & Magleby, 1985 , 1986 has outward rectifier properties and shows a steep voltage dependence of the open probability, as well as complete deactivation upon hyperpolarization. An 'intermediate' Cl-channel in cultured human muscle Fahlke, Zachar & Riidel 1993 ) is characterized by activation and inactivation, by outward rectification with a symmetrical Cl-distribution and therefore displays similar gating and conductance properties as the rat myotube channels. The differing current-voltage relationships and current kinetics suggest that these channels are not the major Clchannels in adult mammalian muscle fibres. In large-conductance Cl-channels described in cultured mammalian muscle (Blatz & Magleby, 1983; Fahlke et al. 1992) , in frog (Woll et al. 1987 ) and in adult human muscle fibres (K6ltgen et al. 1990) , the maximum of the open probability is at 0 mV. This is different from the gating properties of the channels investigated in this study. Recently, electrophysiological data were published on the human skeletal muscle Cl-channel, clc-1, expressed in HEK293 cells (Pusch, Steinmeyer & Jentsch, 1994) . Performing a non-stationary noise analysis, the authors determined the single channel conductance to be 0 9 pS. As expected, our data show similarities to the clc-1 data, e.g. the clc-i conducted currents also deactivate, although with a faster time course.
